The motion aftereffect (MAE) is the perception of illusory motion following extended exposure to a moving stimulus. The MAE has been used to probe the role of attention in motion processing. Many studies have reported that MAEs are reduced if attention is diverted from the adaptation stimulus, but others have argued that motion adaptation is independent of attention. We explored several factors that might modulate the attentionϪadaptation relationship and therefore explain apparent inconsistencies, namely (a) adaptation duration, (b) motion type: translating versus complex, and (c) response bias. Participants viewed translating (Experiments 1a and 2) or rotating (Experiment 1b) random dot patterns while fixating a central letter stream. During adaptation, participants reported brief changes in the adaptor speed (attention-focused) or the presence of white vowels within the letter stream (attention-diverted). Trials consisted of multiple adaptation-test cycles, and the MAE was measured after each adaptation period. Across experiments, focused attention produced significantly larger MAEs than did diverted attention (15% change, Cohen's d ϭ .41). Attention affected the MAE asymptote, rather than its accumulation rate, and had larger effects for translational than for complex motion. The effect of attention remained evident after controlling for response bias. Our results suggest that attention affects multiple levels of the motion-processing hierarchy: not only higher level motion processing, as seen with apparent motion, but also low-level motion processing, as evidenced by the MAE.
appears to be under attentional control (Burr, Baldassi, Morrone, & Verghese, 2009) , and attention affects the perceived direction of apparent motion (Kohler, Haddad, Singer, & Muckli, 2008; Wertheimer, 1912 Wertheimer, /1961 and of third-order motion (Lu & Sperling, 1995 ; see Burr & Thompson, 2011, for a review) . It is less clear whether all aspects of motion processing are influenced by attention-in particular-adaptation to first-order (luminancedefined) motion stimuli.
After prolonged exposure to a moving stimulus such as a waterfall, a subsequently viewed static stimulus is perceived to move in the opposite direction; this is the classic motion aftereffect (MAE; Addams, 1834; Anstis, Verstraten, & Mather, 1998) . As "the psychologist's microelectrode" (Frisby, 1979) , aftereffects allow one to probe sensory processes, and the MAE provides an effective tool to investigate motion-sensitive mechanisms (Thompson & Burr, 2009 ). An influential early study of the MAE found that it was unaffected by attentional manipulations (Wohlgemuth, 1911) , leading to a long-standing view that the mechanisms underlying motion adaptation are early and preattentive. Such a view was well aligned with findings from other studies that low-level, sensory adaptation was unaffected by suppression from awareness via binocular rivalry (Blake & Fox, 1974) or by crowding (He, Cavanagh, & Intriligator, 1996) . Given the key role of motion processing in guiding action and detecting threat, one might expect motion signals to be processed automatically (Vuilleumier, Armony, Driver, & Dolan, 2001) . Consistent with this notion, motion is a strong cue for pop-out during visual search (Driver, McLeod, & Dienes, 1992; Nakayama & Silverman, 1986) , and looming objects capture attention when they are on track to collide with the observer, despite being perceptually indistinguishable from objects on a "near miss" path (Lin, Murray, & Boynton, 2009) .
Undeterred, researchers continued to explore interactions between attention and motion adaptation. In a commonly used paradigm, a moving adaptation stimulus is presented in the periphery (e.g., within an annulus; see Figure 1 ) and attention is manipulated by asking observers to perform a difficult (high load) task or an easy (low load) task. A high-load task might require observers to focus attention on a central, fixated stream of letters, counting the instances where a vowel is presented, whereas a low-load task might be to passively view the same stimulus. Under such conditions, Chaudhuri (1990) found that when attention was diverted to a high-load task, MAE durations were reduced, relative to passive viewing. Subsequently, other researchers have similarly found that directing attention away from a peripheral adaptor results in reduced adaptation, as measured via the magnitude (Mukai & Watanabe, 2001; Taya et al., 2009) or duration (Nishida & Ashida, 2000; Rezec, Krekelberg, & Dobkins, 2004 ) of the MAE. The attentional tracking paradigm has provided complementary findings: The MAE can be modulated by whichever one of two superimposed motion stimuli is attended during adaptation (e.g., Alais & Blake, 1999; Lankheet & Verstraten, 1995) .
Neuroimaging studies have provided further evidence that attention modulates motion-related neural activity. For example, attending to moving dots has resulted in significantly more activation in medial temporal (MT) and medial superior temporal (MST) areas than has attending to stationary dots within the same stimulus (O'Craven, Rosen, Kwong, Treisman, & Savoy, 1997) . Attending to either the translational or expanding components of a transparent motion stimulus has resulted in increased MT activation, relative to passive viewing (Watanabe et al., 1998) . The load theory of attention (Lavie, 2005) posits that when observers engage in a demanding task (e.g., a central letter task), other information within the visual array (e.g., peripheral motion stimuli) will receive limited processing resources. Accordingly, Rees, Frith, and Lavie (1997) reported a reduction in MT activity and reduced MAE durations in high, relative to low, attentional load conditions. . Adaptation lasted 10 s while participants engaged in one of the two attentional tasks. The test stimulus was then presented for 1.25 s, followed by a Glass pattern that was adjusted to report the motion aftereffect. Each trial included 20 adaptation-test-response cycles, followed by a 30-s presentation of the elimination stimulus. Black arrows illustrate the direction of motion of adaptation and test stimuli (black arrows were not present during the experiment). This document is copyrighted by the American Psychological Association or one of its allied publishers.
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These findings for motion are aligned with those of a broad array of studies that have now found attentional modulation of neural activity throughout the visual cortex, including the primary visual cortex (V1)-previously conceptualized as a "sensory" area and immune to such effects (see Hopf, Heinze, Schoenfeld, & Hillyard, 2009 , for a review). Recent behavioral studies, however, have failed to find an effect of attention on the MAE (Morgan, 2011 (Morgan, , 2012 (Morgan, , 2013 Pavan & Greenlee, 2015) . Many previous findings have been attributed to response bias (Morgan, 2011 (Morgan, , 2012 , and it has been noted that the MAE duration measure, as used for example by Chaudhuri (1990) , might be particularly prone to bias (Sinha, 1952) as observers struggle to determine when the MAE has fully dissipated (Blake & Hiris, 1993) . However, a response bias account of attentional modulation of the MAE requires that observers' biases vary systematically across attention conditions, to selectively inflate the estimated MAE in conditions of low-load, relative to high-load, conditions. Such an explanation seems at odds with reports of attentional modulation within groups of naïve participants (e.g., Rezec et al., 2004) . In addition, attentional modulation of the MAE has also been shown using 2AFC categorization of test direction, which is arguably less susceptible to bias (e.g., Taya et al., 2009 ; see Experiment 3).
Here we focus on three factors that might affect the extent to which attention modulates motion adaptation and may thus explain apparent inconsistencies in the literature. In Experiments 1a and b, we consider (i) motion type (translational vs. complex) and (ii) adaptation duration. In Experiment 2, we revisit the issue of response bias, using a paradigm designed to eliminate it.
Why might motion type affect the attentionϪadaptation relationship? Translating and complex motion stimuli differ in the extent to which they recruit feature-based attention. When observers attend to a coherently translating stimulus, attention facilitates the representation of all stimulus elements. This can be explained by feature-based attention (all elements move in a common direction), spatial attention (the stimulus occupies only some of the visual field), and/or surface-based attention (all elements are perceptually grouped into a common surface). In contrast, when attending to a rotating stimulus, feature-based attention does not facilitate the representation of all surface elements: Elements move in different, position-dependent directions. Thus, rotating or expanding motion patterns will successfully recruit only spatial and surface-based/object-based attention.
Spatial attention modulates motion-related activity in MT, via an overall response gain (Treue & Martínez Trujillo, 1999) . However, substantial direction-specific effects of feature-based attention have now been found in V1 and MT (Saproo & Serences, 2014) . These reflect both excitatory and inhibitory effects within neurons tuned to the attended, versus the opposing, motion direction (Treue & Martínez Trujillo, 1999; Treue & Maunsell, 1996) . One might reasonably expect these direction-specific effects to be particularly important in modulating MAEs. Moreover, featurebased attention spreads across the visual field (Treue & Martínez Trujillo, 1999) and will thus have the largest effect when observers attend a coherently translating stimulus.
In contrast, complex motion patterns (i.e., expansion, rotation) consist of motion signals that vary as a function of position. Simple feature-based mechanisms will not, therefore, drive an enhancement of stimulus-related activity in V1/MT across the visual field. However, MSTd neurons with large receptive fields can be tuned to complex motion patterns including rotation and expansion/ contraction (Smith, Wall, Williams, & Singh, 2006; Tanaka et al., 1986) . Moreover, there is now evidence of enhanced activation in V1/MT due to surface-based attention (Kamitani & Tong, 2006; Wannig, Rodríguez, & Freiwald, 2007) , potentially driven by feedback from MSTd. By directly comparing adaptation to translating and rotating motion, one can start to understand the relative importance of these different attentional mechanisms. Previous functional magnetic resonance imaging (fMRI) work found little or no attentional modulation of V1 activity with complex motion patterns, in contrast to larger effects in MT/MST (Büchel et al., 1998; O'Craven et al., 1997; Watanabe et al., 1998) , suggesting that effects of surface-based attention in V1 are weak. However, previous null effects in V1 may actually reflect pooling across substantial excitatory and inhibitory effects, as suggested by more sophisticated recent analyses of fMRI data (Saproo & Serences, 2014) .
In the present study we also consider whether attentional effects vary across the adaptation period. For both translational and complex motion, MAEs increase quickly as adaptation duration increases until reaching an asymptotic saturation point at longer durations (Hershenson, 1993) . Attention might affect the time course (i.e., the rate of accumulation), the asymptote, or both. If attention primarily affects the time course, attentional effects may not be detected in studies that use longer adaptation durations or those that employ designs including repeated adaptation periods with the same adaptor (e.g., Morgan, 2011 Morgan, , 2013 such that adaptation can accumulate over multiple trials. A similar argument has been proposed by Blake and colleagues with respect to luminance contrast: The effects of rivalry suppression on motion adaptation may be more easily detected for lower contrast adaptors than high, because saturation effects are avoided (Blake & Fox, 1974; Blake, Tadin, Sobel, Raissian, & Chong, 2006) .
Experiments 1a and 1b directly compare adaptation to translational and complex motion, after multiple adaptation durations, under different attentional conditions. We hypothesized that, whereas MAEs would increase with adaptation duration, this accumulation may occur more quickly with greater attentional allocation. We also hypothesized that the effects of attention may be larger for simple translating motion patterns than for rotational motion, reasoning that translating motion will combine spatial, feature-based, and surface-based attention to produce enhanced neuronal activation across motion-sensitive regions, whereas complex motion will not engage feature-based attention mechanisms.
Experiments 1a and 1b

Method
Stimuli and tasks. The experimental paradigm is shown in Figure 1 . A single trial included 20 adaptation-test-response cycles. Each cycle began with a 10-s adaptation period. Adaptation stimuli consisted of 400 limited lifetime white dots displayed over a gray background. Each dot subtended .12°and had a maximum lifetime of 30 frames. Dots moved within an annulus defined by inner and outer radii of 2.7°and 6.7°, respectively. This region was enclosed by light and dark outer rings (see Figure 1 ) to enhance MAEs (Day & Strelow, 1971) . In Experiment 1a, the dots drifted leftward or rightward at a rate of 4.8°/s When a dot reached the annulus boundary it was replaced by a dot at the opposite side. In This document is copyrighted by the American Psychological Association or one of its allied publishers.
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Experiment 1b, the dot pattern rotated either clockwise or anticlockwise, with a rotational speed of 58.79°/s; this rotation speed was chosen such that the median dot speed matched that of the translation experiment in terms of distance traveled per second. During each adaptation period the adaptation stimulus would, at unpredictable time points, briefly move with increased speed (for 3 frames/50 ms). These motion changes were separated by random intervals within the range of 1.5 s to 6 s. In addition, a stream of light and dark letters was presented at fixation. On attentionfocused trials, observers were asked to report each motion change (by pressing the space bar) within 1 s of its occurrence. On attention-diverted trials, they were required to report the appearance of light vowels in the central letter stream. Incorrect responses (false alarms) or missed events were followed by a tone. The magnitude of the motion changes and the duration of each letter presentation were controlled by an adaptive procedure (Quest: Watson & Pelli, 1983) driven by observers' responses in the corresponding tasks, such that performance was kept at 75% correct.
Test stimuli were presented for 1.25 s and matched the adaptation stimuli in terms of spatial extent and number of dots (see Figure 1 ). In Experiment 1a, the test stimulus drifted either upward or downward (determined pseudorandomly) at .12°/s The perceived motion direction of the test stimulus provides a measure of the MAE (Blaser, Papathomas, & Vidnyánszky, 2005; Verstraten, Fredericksen, Grüsser, & Van De Grind, 1994) ; after adapting to a rightward stimulus, a test stimulus that moves upward will be perceived as moving diagonally up and to the left, with the angular deviation from vertical providing a measure of the MAE. In Experiment 1b, the test stimulus either contracted or expanded at .12°/s. Adaptation to rotational motion caused this test stimulus to appear to move along a spiral path. After each test, observers reported the perceived motion direction of the test stimulus by manipulating a static Glass pattern comprised of 400 pairs of dots (Glass, 1969) . Within each pair, one dot's position was fixed. In Experiment 1a, the vertical offset between the dots in each pair was fixed (Ϯ.17°following upward or downward tests) and observers adjusted the horizontal offset (using the mouse) until the orientation of the dot pair matched the perceived motion direction of the test. The response display also contained a line whose orientation matched the Glass pattern (see Figure 1) . Similarly, in Experiment 1b, the radial offset within each dot pair was fixed at Ϯ.17°and observers manipulated angular offset between dot pairs (and the shape of three lines) to match their perception of the motion direction of the preceding test. Observers had a 4-s window to complete this matching task, after which the next adaptation cycle began. The fixed time period for response ensured that the adaptation time course was matched across observers and conditions, and 4 s provided sufficient time to respond (average response times were 1.99 s for Experiment 1a and 1.77 s for Experiment 1b). This matching task, used previously by Verstraten et al. (1994) , allowed us to measure adaptation at frequent intervals and thus examine its time course.
At the end of each trial (i.e., 20 adapt-test-response cycles), a random dot motion stimulus (dots following independent random walk paths) was presented for 30 s to prevent adaptation effects from carrying over to the subsequent trial. Participants pressed the space bar when ready to begin the next trial.
Procedure. To ensure that participants understood the task and could accurately report the (perceived) motion direction of the test stimuli, we had them first complete practice trials without any motion adaptation. On each trial, a test stimulus whose true motion varied from trial to trial to simulate the effects of adaptation was shown for 1.25 s. For the translational motion experiment (1a) the motion direction was varied, whereas for the complex motion experiment (1b) the rotational motion component varied, but the expansion/contraction component was held constant. Participants indicated the direction of test motion (as shown in Figure 1 ) and received visual feedback showing both the true test motion (as a Glass pattern, with a green arrow) and their response (an overlaid dark gray arrow if correct and red if incorrect). Responses within Ϯ20°of the true motion direction for translational motion and Ϯ.6°/s for rotational motion were classified as correct. Subsequent analyses revealed that correct responses within practice trials had mean absolute errors of 8.47°(SD ϭ 5.47) and .26°/s (SD ϭ .17), for Experiments 1a and 1b, respectively. Participants completed at least two blocks of 44 practice trials, and only participants performing at 75% or above were invited to complete the main experiment.
Participants then completed four practice trials with adaptation (two for each attention task, each with 20 adaptation cycles), to determine initial stimulus levels for the attention-focused and attention-diverted tasks (i.e., the size of the motion changes and the presentation duration of the central letters, controlled by Quest).
Each experimental session included four trials: (2 attention conditions ϫ 2 adaptation directions), and most participants completed four sessions (three participants in Experiment 1a and one participant in Experiment 1b completed only three sessions, as determined by their availability). Trial number and the task instructions Report speed changes or Report light vowels were displayed prior to each trial. Experimental sessions were completed on different days.
Stimuli were presented using a 27-in. Apple iMac, with a nominal screen refresh rate of 60Hz and resolution of 2,560 ϫ 1,440 pixels. A chin rest fixed the viewing distance at 54 cm. The experiment was run using MATLAB (2015) and the Psychophysics Toolbox (Brainard, 1997; Kleiner, Brainard, & Pelli, 2007) . The display was viewed binocularly in a quiet dark room.
Participants. To determine appropriate sample sizes, we estimated the effect sizes associated with (a) the effect of attention on the MAE following translating motion, (b) the effect of attention on MAEs following complex motion, and (c) the difference between the two. Using previous research that has also employed diverted attention paradigms, this revealed effect size estimates (Cohen's d) of 2.08 for translational motion (from Rezec et al., 2004; Takeuchi & Kita, 1994 ) and 1.42 for complex motion (from Kaunitz, Fracasso, & Melcher, 2011; Taya et al., 2009) . Power analyses for one-tailed within-samples t tests were conducted in G ‫ء‬ Power (Faul, Erdfelder, Lang, & Buchner, 2007) using an alpha of .05 and power of .80. These analyses suggested sample sizes of at least four participants for translational motion (Experiment 1a) and at least five participants for complex motion (Experiment 1b). At least seven participants were required in each motion condition to detect a difference between the effects of attention on MAEs following adaptation to translational and complex motion. This document is copyrighted by the American Psychological Association or one of its allied publishers.
Accordingly, 12 participants (ages 20 -42 years) completed Experiment 1a, and 11 participants (ages 20 -42 years) completed Experiment 1b. All three authors participated in both experiments, and all other participants were naïve, recruited from the University of Southampton through opportunity sampling. All participants had normal or corrected to normal vision. The University of Southampton granted ethical approval for all experiments, and all participants provided informed consent. Data for all experiments are available from the University of Southampton Institutional Repository (https://eprints.soton.ac.uk/421270/). Figure 2 shows MAEs as a function of attention and adaptation duration for translating motion (Experiment 1a) and rotating motion (Experiment 1b). Data are collapsed across adaptation and test directions, because preliminary analyses confirmed that neither significantly affected the MAE. To compare the effect of attention across the two experiments (both for display and for subsequent analyses), we normalised data within each experiment by dividing by the overall mean MAE. This normalized MAE is indicated on the left y-axes, whereas the raw MAE responses can be inferred from the right-hand y-axes.
Results
Outliers (more than 2 standard deviations from the condition mean) and preemptive responses (those with a response time of less than .5 s) were removed from the analyses (7% of responses) before a linear mixed-effects model (LMM) analysis was conducted in R (R Core Team, 2017; lmer4 package: Bates, Mächler, Bolker, & Walker, 2015) .
To find a parsimonious model of our data, we followed the approach of Bates, Kliegl, Vasishth, and Baayen (2015) and Martin-Key, Graf, Adams, and Fairchild (2018) , starting with the most complex model supported by the data, followed by stepwise elimination to remove extraneous factors. The initial model included attention, adaptation duration, motion type, and participant naïveté as fixed effects, in addition to their two-way interactions. Participant and by-participant variation in the effects of attention and motion type were included as random effects. A fixed effect was discarded if its removal did not significantly impair the model's goodness of fit (as determined by likelihood ratio tests). The final model is summarized in Table 1 .
Motion adaptation was significantly modulated by attention; the attention-focused condition resulted in significantly larger MAEs (M ϭ 1.04, SD ϭ .69) than did the attention-diverted condition (M ϭ .96, SD ϭ .69). In addition, we hypothesized that attention may have a larger effect on adaptation to translating than on rotating motion. Although the effect of attention was larger for translational (12.18% increase from diverted to focused attention) than for complex (9.48% increase) motion, this interaction was not significant (and was removed from the final model).
As expected, adaptation increased significantly over time. It is interesting, and in contrast to our hypothesis, that adaptation duration and attention did not interact: The effect of attention was not significantly larger in, or confined to, the early stages of, adaptation. Inspection of Figure 2 suggests that adaptation to translating motion saturates more quickly than adaptation to rotational motion. This was confirmed by a significant interaction between motion type and adaptation duration.
Naïve observers reported significantly smaller MAEs than did nonnaïve participants, and the effect of attention on MAEs was significantly smaller across naïve observers than across the nonnaïve authors. To examine this further, we reanalyzed the data This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
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after excluding all nonnaïve observers. This did not affect the form of the final model; that is, the same fixed effects remained significant, including a significant effect of attention on MAE magnitude (b ϭ Ϫ.04), t(5326.33) ϭ Ϫ2.56, p ϭ .010. Figure 2 also shows the best fitting exponentials: MAE ϭ Ϫae Ϫbx ϩ a. These were determined separately for each observer, attention condition, and motion type (for Figure 2 , they have been averaged across observers). In line with the LMM analyses, the asymptote, a, was significantly larger for the attention-focused than for the attention-diverted task, 
Experiment 2
Experiments 1a and b suggest that the MAE is modulated by attention when adapting to either translational or complex motion. Although motion adaptation followed a different time course for translating and rotating motion, we did not find an effect of attention on the time course of adaptation. In Experiment 2, we investigated the time course of adaptation with greater temporal resolution, by reducing each adaptation period from 10 s to 4 s. In addition, we sought to validate our findings by using a paradigm adapted from Morgan (2013) that is designed to be minimally susceptible to response bias. In this paradigm, observers adapt to translating random dot stimuli presented above and below a central fixation point and moving in opposite directions (see Figure 3) .
After each adaptation period, test patches were presented at the two adaptation locations and observers made a judgment about their relative speeds. Of importance, the paradigm includes four different randomly intermingled test conditions. In experimental Test Conditions 1 and 2, both test stimuli move in the same direction, and adaptation will thus affect their relative perceived speeds. If, for example, observers adapt to rightward motion above fixation and leftward motion below, as shown in Figure 3 , then in Test Condition 1 (both patches move leftward), the lower patch should appear to move more slowly than the upper one. For the same adaptation condition, if Test 2 is shown, the upper patch should appear to move more slowly than the lower patch. In contrast, in control Test Conditions 3 and 4, the two test patches move in opposite directions, and adaptation is therefore expected to have an equal effect on the perceived speeds of the upper and lower test patches (their perceived speeds should match, although the absolute perceived speed should differ between Tests 3 and 4). Thus, to bias their responses in line with the attentional modulation hypothesis, observers should follow a complicated algorithm that depends on the combination of adaptation stimulus, test stimulus, and attention condition.
Method
Stimuli. Adaptation stimuli consisted of two disks (diameter 2.5°, centered 4.38°above and below fixation), each containing 75 white dots (diameter .12°) with a limited lifetime of 30 frames (see Figure 3 ). Light and dark rings enclosed each disk. Dots in the upper and lower patches drifted in opposite directions, either leftward or rightward, for 4 s, at 3.12°/s. When reaching the disk edge, dots were reborn at the opposite side. Similar to the case in 3) 4) Figure 3 . Schematic of a trial in Experiment 2. The four possible test conditions are shown on the right. Arrows illustrate the direction of motion (arrows were not present during the experiment). This document is copyrighted by the American Psychological Association or one of its allied publishers.
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BARTLETT, GRAF, AND ADAMS Experiment 1, dot speed could briefly increase during adaptation (for 50 ms), at random intervals in the range of 1 s to 4 s. In addition, a stream of light and dark letters was presented at fixation. As in Experiment 1, the magnitude of the motion change and the duration of each letter were determined by an adaptive process according to participant responses. On attention-focused trials, observers were instructed to detect motion changes and had to press the space bar within 1 s of the change. Similarly, on attention-diverted trials, they had 1 s to detect light vowels within the letter stream. A tone provided feedback following false alarms or missed events. The test stimuli (.5-s duration) matched the adaptation stimuli in spatial extent and number of dots. As shown in Figure 3 , dots within the upper and lower patches could drift either leftward or rightward to produce the four different test configurations. Test motion speeds were either (a) 2.74°/s and 3.19°/s or (b) 2.89°/s and 3.04°/s, randomly selected on each adaption-test-response cycle, so that the two patches differed in speed by either .44°/s or .15°/s; the location of the faster patch was randomized over each trial. Note that test speed did not vary significantly with attention condition, F(1, 9) ϭ .19, p ϭ .677; adaptation duration, F(23, 207) ϭ 1.04, p ϭ .421; or their interaction, F(23, 207) ϭ 1.10, p ϭ .351. Following the test, participants adjusted the length of two bars that represented the relative perceived speed of the two test patches. Upper and lower bar lengths were yoked such that their sum was constant-increasing the length of the upper bar decreased the size of the lower bar. However, the two bars always pointed in the direction of the true test motions; adaptation changed the perceived speed but not the perceived direction of the tests. This response-which relied on reporting the relative (rather than absolute) speed of two stimuli-had two advantages: First, it made it difficult for observers to introduce response bias (Morgan, 2013) , and second, observers were not required to map their perception to an arbitrary response scale. Participants had 2 s to complete their response, after which the next adaption-testresponse cycle began.
Each trial consisted of 24 adaptation-test-response cycles. Following each complete trial, random dot motion stimuli (dots following independent random paths) were presented in the same spatial locations as were the adaptation and test stimuli, for 30 s, to prevent carryover effects across trials.
Procedure. Participants first completed two blocks of 48 training trials (without adaptation) to ensure that they could perform the relative speed judgment. For these training trials, test patches had absolute speeds in the range of 2.30°to 3.63°/s and could be moving in the same or opposite direction. As in the main trials, observers adjusted the response bars to report the relative test speeds. As feedback, the response bar was displayed (showing the participant's response), with additional lines indicating the true relative speeds: green if the response was classified as correct (if within Ϯ10% of the true values) and red if not. Participants completed an additional block of training trials before each experimental session. All participants performed at over 75%. Following training, participants completed four practice trials with adaptation (2 attention conditions ϫ 2 adaptation directions) to determine initial stimulus values for the two attentional tasks.
Each observer completed four experimental sessions consisting of 12 trials each (2 adaptation directions ϫ 2 attention conditions ϫ 3 repetitions). Test conditions were pseudorandomly distributed within and across trials. Each trial featured 16 experimental tests (Tests 1 and 2) and eight control tests (Tests 3 and 4). These were ordered such that across each session's trials, the same number of experimental and control tests appeared at each time point (i.e., at cycles 1Ϫ24), within each condition (adaptation direction ϫ attentional task).
Participants. Twelve participants (ages 21-42), including two authors, completed the experiment. All had normal or corrected-to-normal vision. Two participants failed to consistently report MAEs in the expected direction and were therefore excluded from subsequent analyses.
Results
We quantified observers' MAEs as the difference between the true relative speeds of the test stimuli and their perceived relative speeds (as indicated by the relative bar lengths) in experimental Test Conditions 1 and 2 (see Figure 3) . To provide an estimate of the MAE in absolute terms, we assumed that adaptation has equal and opposite effects on the perceived speed of the two test patches (note that this assumption does not affect comparisons across experimental conditions).
Responses in the control test conditions were not significantly modulated by attentional task (b ϭ Ϫ.01, SE ϭ .002), t(8.92) ϭ Ϫ2.17, p ϭ .059, or adaptation duration (b ϭ .00004, SE ϭ .0001), t(3859.88) ϭ Ϫ.34, p ϭ .730, as one would expect, in the absence of response bias. The analyses reported next include only the experimental test conditions. Outliers (responses more than 2 standard deviations from the condition mean) and preemptive responses (response times less than .5 s) were removed, corresponding to 8% of responses.
MAEs are shown in Figure 4 as a function of adaptation duration and attention condition. Similar to the case in Experiment 1, data were analyzed via LMM. Data were collapsed across adaptation and test direction because preliminary analysis confirmed that neither variable significantly modulated MAE magnitude. Attention, adaptation duration, test speed, and participant naïveté, This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
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ATTENTION AND THE MOTION AFTEREFFECT as well as two-way interactions, were included as fixed effects. The random effects structure included participant and per participant slopes for attention and test speed. Backward elimination using likelihood ratio tests determined the inclusion of fixed effects in the final model, which is summarized in Table 2 . Attention had a significant effect on motion adaptation; larger MAEs were found in the attention-focused task (M ϭ .27, SD ϭ .32) than in the attention-diverted task (M ϭ .22, SD ϭ .33). As expected, the MAE also increased as a function of adaptation duration. In contrast to the case in Experiment 1, there was a significant interaction between attention and adaptation duration: Attention had a larger effect at longer adaptation durations.
The two groups of observers (authors vs. naïve participants) did not differ significantly in terms of MAE magnitude or attentional modulation of the MAE. Nonetheless, we explored the effect of excluding all authors from the analyses. This had little effect on the final model; the effect of attention was slightly larger and remained significant (b ϭ .07, SE ϭ .03), t(5048.23) ϭ 2.60, p ϭ .009, alongside a significant interaction between attention and duration (b ϭ Ϫ.001, SE ϭ .0002), t(5559.16) ϭ Ϫ2.92, p ϭ .003.
Our analyses revealed a significant effect of test speed and an interaction between test speed and attention. Examination of the form of these effects suggests that observers may have had a tendency to underestimate/underreport the difference in perceived speed of the two patches when this difference was large.
As in Experiment 1, exponentials were fit to the MAEs as a function of adaptation duration for each attentional condition. These fits (averaged across observers) can be seen in Figure 4 . In line with the LMM, the fitted asymptotes differed significantly across the two attentional conditions, t(9) ϭ 4.16, p ϭ .003. However, the time constant did not, t(9) ϭ .79, p ϭ .450. Similar to the case in Experiment 1, therefore, data from Experiment 2 suggest that attention predominantly effects the asymptotic MAE, rather than the rate at which it builds up.
General Discussion
Our two experiments confirm that attention modulates the motion aftereffect. Directing attention toward moving adaptation stimuli increased adaptation to both translational and complex motion (Experiment 1). In addition, we replicated the effect of attention on translational motion in Experiment 2 via a paradigm designed to minimize the possibility of response bias. Across all experiments, directing attention toward the adaptor, rather than diverting attention to a central task, produced a 15% increase in MAE, quantified via fitted asymptotes. This corresponds to a medium effect size (Cohen's d) of .41.
Several previous studies have also reported an effect of attention on motion adaptation (e.g., Chaudhuri, 1990; Georgiades & Harris, 2000a; Takeuchi & Kita, 1994; Taya et al., 2009) . The current study extends those findings by directly comparing translational and complex motion and employing different paradigms to measure the time course of adaptation and minimize the possibility of response bias.
Based on previous neurophysiological and fMRI evidence, we hypothesized that attention would have a larger effect on adaptation to translating than on complex motion. This is because the former, but not the latter, is likely to involve the effects of feature-based attention in V1 and MT. The magnitude of the attention-driven increase in MAE was larger for translational than for complex motion: complex motion: d ϭ .14, 8.79% increase (Experiment 1b), versus translational motion: d ϭ .56, 10.23% increase (Experiment 1a), and d ϭ .55, 26.29% increase (Experiment 2). This finding, along with findings from our own metaanalysis (Bartlett, Hedger, Graf, & Adams, 2017) suggests that feature-based attention (exploited in the translating motion case) may be a substantial factor in driving the attentionϪadaptation relationship and has a larger effect than does spatial and surfacebased attention.
We tested the hypothesis that attention primarily affects the rate of adaptation. Had this been the case, it might have explained some previous null findings (e.g., Morgan, 2011 Morgan, , 2013 ; that is, saturation of the MAE across multiple adaptation periods might have masked effects of attention during initial stages of adaptation. On the contrary, the effect of attention was mostly evident after longer adaptation durations; that is, attention increases the asymptotic MAE.
Early descriptions of attentional load have focused on the tasks that can be used to effectively divert attentional resources (Lavie, 1995 (Lavie, , 2005 . In studies of attention and the MAE, effective manipulation of attention is essential; if attention is not adequately diverted from the adapting motion stimulus, then firm conclusions regarding the impact of attention on the MAE cannot be reached. In our diverted attention conditions, we continuously monitored performance in the attentional task (detect light vowels) and provided feedback after incorrect responses, to maintain participants' vigilance. In addition, our diverted attention condition was compared to a condition in which attention was directed to the motion stimulus; it has been suggested that a comparison with passive viewing is ill advised, because participants may be variably attending different features of the stimulus (Huk & Heeger, 2000) . We did find a smaller effect of attention within naïve observers in Experiment 1 (although not in Experiment 2), and another possibility is that experienced observers are better able to maintain attention on the required task. It remains possible that some apparent inconsistencies in the literature are due to differences in the effectiveness of the attention manipulations.
Several other factors may additionally modulate the effect of attention on motion adaptation. For example, Georgiades and Harris (2000b) suggested that stronger attentional effects occur for stimuli closer to fixation. The spatial extent of the adapting stimulus may also play a role: Takeuchi and Kita (1994) found that the effect of attention decreased with increasing stimulus size (although see Georgiades & Harris, 2000b) . Previous studies have also suggested that the measured effect of attention might depend Note. LMM ϭ linear mixed-effects model; MAE ϭ motion aftereffect. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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BARTLETT, GRAF, AND ADAMS on whether dynamic or static test stimuli are used (e.g., Verstraten, Fredericksen, Van Wezel, Lankheet, & Van De Grind, 1996) . The upsurge in research articles linking visual attention and perceptual processing (Carrasco, 2011) lies within a movement across cognitive psychology that seeks to reevaluate dichotomous descriptions of cognitive processes as either preattentive or requiring attentional control (Moors & De Houwer, 2006) . Within perception, tasks such as contrast discrimination, texture segmentation, and visual acuity are no longer considered to be purely preattentive, and the present results add to a growing literature implicating attention in aspects of motion processing once deemed to be automatic. However, discrepancies remain in the literature; a comprehensive description of the attentionϪmotion relationship and the many factors that affect it may be best constructed via a meta-analysis (e.g., Bartlett et al., 2017) and further directed experimental efforts.
